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Abstract Enhanced damage due to the alkali–silica
reaction (ASR) in concrete exposed to deicing salt
(NaCl) is usually attributed to binding of chloride ions
in the hydration products of cement. To balance
charge, OH- ions are released into the concrete pore
solution which increases alkalinity. However, during
NaCl ingress a decrease in the OH- concentration of
the concrete pore solution due to potassium leaching
would reduce SiO2 solubility and therefore ASR
damage. The present work combines expansion mea-
surements with pore solution analysis by ICP-OES and
XRD measurements on concretes and hydrated cement
pastes. Solubility equilibria calculations were per-
formed with the hydrogeochemical simulation pro-
gram PHREEQC. The investigations show that the
OH- concentration of the pore solution is mainly
lowered by potassium leaching during NaCl ingress.
The OH- concentration also decreases owing to the
formation of Friedel’s salt from ettringite which is
associated with the release of sulphate. Although the
OH- concentration with NaCl is lower, ASR damage
is intensified and the silicon concentration in the pore
solution is higher. Higher silicon solubility is
explained by the higher total alkali concentration
which increases surface silicate solubility, the forma-
tion of an aqueous complex NaHSiO3
0 and a higher
ionic strength. These effects promote the sensitivity of
silicate minerals to ASR, the formation of alkali silica
gel and finally ASR damage.
Keywords Alkali–silica reaction  OH-
concentration  Pore solution  SiO2 solubility
Abbreviations
ASR Alkali–silica reaction
HA Cement with a high alkali equivalent
LA Cement with a low alkali equivalent
Na2Oeq Alkali equivalent
ICP-OES Inductively Coupled Plasma Optical
Emission Spectrometry
XRD X-ray diffraction
PHREEQC Computer program for
hydrogeochemical simulations
WATEQ Activity calculation of species
LLNL Database
1 Introduction
In recent years, cracks were often observed in German
motorway pavement and other concrete structures
exposed to deicing salt [1]. Investigations of the
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concrete revealed the presence of alkali silica gel in
the cracked concrete indicating the occurrence of a
damaging alkali–silica reaction [2]. The enhancement
of ASR damage in concrete structures and pavement
exposed to deicing salt has also been observed in many
other countries and has been the subject of numerous
laboratory and field investigations [3–11].
To investigate the effect of alkali ingress on
concrete expansion, Chatterji et al. [4] measured the
expansion of mortar prisms (4 9 4 9 16 cm3) made
with highly reactive sand during storage at 50 C in
3 mol/L NaOH or in NaCl solutions with different
concentrations (3, 2, 1 and 0.5 mol/L). During the first
weeks, the specimens stored in the NaOH solution
exhibited the larger expansion. However, after about
9 weeks, the expansion of the specimens in the NaCl
solutions was considerably higher. Moreover, with
increasing NaCl concentration (from 0.5 to 2 mol/L),
the expansion began earlier and the final expansion
after 56 weeks was higher.
In investigations with concrete structures and
laboratory concretes, Sibbick and Page [8, 9] assessed
the effect of NaCl exposure on ASR in concrete with
regard to the alkali content of the concrete and the C3A
content of the cement. The authors proposed a reaction
scheme in which, firstly, the ingress of NaCl increases
the NaOH concentration of the pore solution owing to
the reaction of chloride with the C3A hydration
products and portlandite. Secondly, the increase in
OH- concentration promotes the neutralization of the
acidic silanol groups (:SiOH) at the SiO2 surface and
thus the formation of negatively charged :SiO-
surfaces.
It is well known that the dissolution of silica, i.e.
SiO2, is controlled by the concentration of OH
- ions
because this changes the solubility equilibrium
between solid SiO2 and the aqueous H4SiO4
0 species.
At pH above 11, H4SiO4
0 exists with an increasing
amount of its deprotonated forms causing more SiO2
to dissolve. Cations, e.g. Na?, K? or Ca2?, are
preferentially bound at the negative surface sites. The
SiO2 network disintegrates forming a loose gel
structure [5, 12]. According to the reaction
scheme of Sibbick and Page [8, 9] a fluid alkali-rich
silica gel is formed which takes up calcium and water
and is able to develop an expansion pressure.
In other laboratory and field investigations,
Be´rube´ et al. [3] estimated the effect of NaCl
ingress on ASR with regard to the alkali content and
thickness of the specimens. Exposure of concrete to
NaCl solutions was found to result in an increase in
sodium and chloride concentration in the concrete.
At the same time the potassium and the calculated
OH- concentrations decreased owing to leaching of
the near-surface concrete layers. Thus the pH of the
concrete pore solution was lower in the regions
affected by NaCl ingress. Based on these results, the
authors suggest that ASR damage in thin structures
is reduced by leaching. In thick structures, the effect
of NaCl is limited by its penetration depth. If the
concrete contains high-alkali cements, ASR takes
place in the inner, unaffected region as usual, i.e. is
not affected by the external alkalis. In this case the
formation of a swelling alkali silica gel inside the
concrete leads to inhomogeneous expansion which
induces cracks.
However, the effect of NaCl ingress on the
composition of the concrete pore solution and the
dissolution rate of SiO2 was not considered in the
laboratory and field investigations mentioned above
[3, 4, 8, 9]. According to Be´rube´ et al. [3], leaching
of potassium during exposure of concrete to NaCl
solutions results in a reduction in pH of the concrete
pore solution, SiO2 solubility and consequently less
ASR damage. Nevertheless, as described previously
[4–11], NaCl ingress in hardened concrete can
promote damage due to ASR significantly. More-
over, NaCl increases capillary porosity which
accelerates transport [13, 14] and also affects the
phase composition of the hydration products [8, 9,
15] as well as, in particular, the composition of the
pore solution [15]. It is often assumed that during
chloride binding the negative charge of the chloride
ions is compensated by the release of OH- ions into
the pore solution. This would mean an increase in
the pH of the concrete pore solution and conse-
quently more ASR damage [9, 16–19]. In contrast,
Chatterji et al. [4, 20] suggested that alkali salts can
directly participate in the ASR and that chloride
binding is not relevant for damaging ASR.
Although the mechanisms responsible for ASR
are well understood, there are conflicting interpre-
tations on how ASR proceeds in presence of NaCl.
This paper considers the changes in the pore
solution and cement hydration phases caused by
NaCl ingress in concrete and its effect on the
solubility of silicon in borosilicate glass as a model
for reactive aggregate in concrete.
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2 Materials and methods
2.1 Materials and specimen preparation
Two Portland cements CEM I 32.5 R were used
representing cements with high (HA) and low (LA)
alkali equivalents, i.e. 1.02 and 0.56 wt% Na2Oeq,
respectively (Table 1).
For expansion measurements, concrete bars (40 9
40 9 160 mm3) were produced with end gauge marks
using aggregate composed of 45 vol% (=660 kg/m3)
borosilicate glass (fraction 2/8 mm) as a model
reactive aggregate [21, 22] with a homogeneous
composition (Table 2), 5 vol% inert diabase (fraction
2/8 mm) and 50 vol% inert quartz sand (fraction
0/2 mm). The concretes were produced with 400 kg/
m3 cement and a w/c ratio of 0.5.
Experiments were also performed with finely
ground hardened cement paste (i.e. without reactive
aggregate) stored in an artificial pore solution in order
to investigate the chemical balance between the pore
solution and the solid phases while minimizing the
effect of transport (porosity) and leaching. Cement
pastes of the same composition (w/c = 0.5) were
mixed and poured into PE bottles which were sealed
and rotated for 24 h to prevent segregation. The pastes
were stored in the bottles up to an age of 91 days at
20 C. Pore solutions were then expressed (Table 3,
left) and powder specimens produced by grinding of
the solid material for 60 s in isopropanol in a disc mill
and then drying at 40 C for about 2 h. The hydrated
cement paste powders were stored for 14 days at
20 C under rotation in artificial pore solutions
(Table 3, right), water/solid ratio w/s = 1, corre-
sponding to the expressed pore solution of the
particular hydrated cement. This procedure was nec-
essary to ensure hydration of the freshly fractured
surface of the residual clinker phases produced during
grinding. The amount of water bound in hydrates was
then compensated by adjusting the w/s back to 1.
Afterwards artificial pore solution was added to
increase the w/s ratio to 2:1. Different amounts of
finely ground NaCl were then added to the solutions to
produce concentrations of 0, 3, 10 and 20 wt% NaCl.
2.2 Expansion measurements
The concrete bars were cast for each particular
cement, demoulded after 24 h and also stored at
20 C in moist air (over water) for a period of 91 days
(pre-storage). Afterwards, the bars were stored in
moist air or a 20 wt% NaCl solution for 274 days (age:
1 year) at 20 C. The ratio of solution to specimen
volume was 2 ± 0.5.
Table 1 Alkali content (left) and mineralogical composition (right) of the cements, wt%
CEM I 32.5 R Chemical analysisa X-ray diffraction (XRD)b
K2O Na2O Na2Oeq
c CaCO3 C3S C2S C3A C4AF
HA 1.20 0.24 1.02 4.86 56.64 11.32 6.63 12.68
LA 0.46 0.26 0.56 5.25 45.68 23.75 8.70 8.79
a Extraction with lithium metaborate, ICP-OES
b With Rietveld refinement
c Alkali equivalent: Na2Oeq = Na2O ? 0.658 K2O
Table 2 Chemical compositiona of the borosilicate glass, wt%
Borosilicate glass
SiO2 B2O3
b Al2O3 Fe2O3 CaO P2O5 K2O Na2O Na2Oeq
c
82.04 12.52 2.58 0.32 0.13 0.14 0.65 3.41 3.84
a Extraction with lithium metaborate, ICP-OES
b Digestion in fused NaOH, ICP-OES
c Alkali equivalent: Na2Oeq = Na2O ? 0.658 K2O
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Changes in the length and mass of the bars were
recorded during the moist pre-storage at ages of 1, 28,
91 days and thereafter every four weeks.
2.3 Pore solution analysis
Pore solutions were expressed at high pressure
(500 MPa) from the concrete bars at ages of 91 (i.e.
immediately after pre-storage), 231 days and 1 year.
Pore solutions were also expressed from the
hardened pastes at an age of 91 days and the chemical
composition determined (Table 3, left).
After a storage period of 28 days under rotation the
suspensions of the hydrated cement paste powders and
the artificial pore solution were centrifuged, the
solutions filtered and the filtrate composition deter-
mined. The solid material was dried at 40 C and
investigated by X-ray diffraction.
The chemical composition of all the solutions was
analysed by ICP-OES as well as photometry and the
pH determined by titration.
2.4 X-ray diffraction (XRD)
For the X-ray investigations the hydrated cement paste
powder was finely ground for five minutes in isopropyl
alcohol in a laboratory ball mill and then dried at
40 C for 30 min. The specimens were stored in an
argon atmosphere until measurement. The XRD
measurements were performed with a XRD 3003 TT
diffractometer of GE Sensing & Inspection Technolo-
gies GmbH with h–h configuration und CuKa radia-
tion (k = 1.54 A˚). Intensities were recorded over
scattering angles of 5–70 2h with a step width of
0.02 and a measuring time of 6 s/step.
3 Results and discussion
3.1 Concrete specimens
As expected, the expansion of the prisms with the high
alkali cement during moist storage is significantly
larger (Fig. 1): 3.59 mm/m for concrete with cement
HA and 1.46 mm/m with the low-alkali cement LA
after 1 year. The expansion rate of the bars with the
high alkali cement during moist storage is significantly
faster. The onset of internal damage was characterized
by the reduction in the frequency of resonance
(arrows) of the specimens. The specimens with the
LA cement were not damaged by ASR after 1 year
storage whereas the specimens with the HA cement
were. The ASR expansion of the specimens made with
HA cement is obviously derived from the alkalis in
this cement.
The effect of cement alkali content on the expan-
sion of the concretes during subsequent NaCl exposure
is shown in Fig. 2 for up to an age of 1 year. In the pre-
storage period, the expansion of specimen HA is 2.6
times more than that of specimen LA. During
Table 3 Chemical composition of the pore solutions of the hardened cement pastes after 91 days hydration at 20 C (left) and
weights of compounds for the production of the corresponding artificial pore solutions (right)
Component (mmol/L) CEM I 32.5 R Material (g/L) CEM I 32.5 R
HA LA HA LA
w/c = 0.50 w/c = 0.50
OH-a 611.4 338.5 Ca(OH)2 –
c
CaO 1.3 1.9 NaOH 21.78 28.80
Na2O 125.9 134.4 KOH 135.03 54.56
K2O 514.1 200.2 K2SO4 12.60 2.23
SiO2 0.6 0.5 KCl 1.42 0.23
Al2O3 0.1 0.1 Na2SiO35H2O 0.66 0.55
Cl-b 19.9 1.6 NaCl 4.61 0.20
SO4
2- 14.5 2.6 AlCl36H2O 0.12 0.10
a By titration (indicator: toluene red)
b Photometric analysis
c Supplied by dissolution of binder during storage for ease of preparation
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subsequent NaCl exposure, the expansion of the bars
with HA and LA cement increased up to 6.11 and
4.33 mm/m, respectively, over a period of 274 days.
The rates of expansion of specimens HA and LA
during subsequent storage in NaCl solution are similar
(HA is 1.1 times faster than LA) for both concretes, i.e.
4.02 and 3.55 mm/m over 274 days, for HA and LA
cement, respectively. The concrete made with LA
cement expanded rapidly with an onset of internal
damage between 118 and 140 days. In view of the low
alkali content of the cement, this behaviour can only
be explained by ASR due to NaCl ingress.
Figure 3 shows the mass change of the specimens
during NaCl storage. Since the change in mass of the
concretes produced by the uptake of storage solution is
similar, it may be assumed that the ingress of NaCl is
also similar. These results indicate that the alkali
content of the cement is no longer decisive for
damaging ASR in concrete exposed to external alkalis,
i.e. low alkali cements in concrete exposed to deicing
salt do not always prevent ASR damage as also
observed by other authors [23, 24]. Similar results
were obtained in earlier experiments by the present
author [25] in a performance test including NaCl
ingress. Different concrete compositions with natural
alkali reactive aggregates, e.g. Precambrian grey-
wacke or reactive crushed material originating from
the upper Rhine Valley were considered.
Fig. 1 Expansion of concrete bars (average over three speci-
mens, error bars often smaller than symbols) with borosilicate
glass for high and low alkali cements during moist storage at
20 C
Fig. 2 Expansion of concrete bars (average over three speci-
mens) with borosilicate glass for high and low alkali cements
during 91 days moist pre-storage and subsequent 274 days
storage in 20 wt% NaCl solution at 20 C
Fig. 3 Increase in mass of concrete bars (average over three
specimens, error bars often smaller than symbols) with
borosilicate glass for high and low alkali cements after pre-
storage and subsequent storage in 20 wt% NaCl solution at
20 C
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Opposed to the present observations, investigations
with laboratory and field concretes by Be´rube´ et al. [3]
show no effect of external alkalis on ASR in concrete
with low-alkali cement. As mentioned above, the
authors suggest that ASR in near surface layer is
reduced owing to low OH- concentrations produced
by potassium leaching although sodium and chloride
are present. ASR in deeper layers is, as would be
expected, not affected by leaching and chloride
ingress. The disagreement with the present observa-
tions for low-alkali cement may originate in the
different storage conditions (temperature and chloride
concentration) and specimen geometry.
The results of the pore solution analysis after
different storage periods reveal a decrease in both
OH- (Fig. 4) and potassium concentration (Fig. 5)
and an increase of sulphate concentration (Fig. 4) in
both concretes.
In the case of ASR without external alkali exposure,
the hydroxide ion concentration is approximated by
the total alkali concentration, i.e. [OH-] &
[Na?] ? [K?] [26]. Due to the ingress of external
alkalis (NaCl) combined with an enrichment of
sodium and chloride ions in the pore solution a strong
shift occurs towards the negative charged ions. In this
case the approximation is [Na?] ? [K?] & [OH-] ?
[SO4
2-] ? [Cl-].
As expected, the pore solution of the concrete with
low alkali cement has a lower OH- concentration at
the end of the moist pre-storage (91 days). During the
following storage in 20 wt% NaCl solution, the OH-
concentration in both concretes drops to a minimum of
about 85 mmol/L (pH 12.9) irrespective of the initial
alkalinity of the pore solution (Fig. 4). Figure 5 also
shows the total alkali concentrations (Na ? K) after
91 days moist pre-storage. These values are in agree-
ment with the corresponding OH- concentrations in
Fig. 4.
Changes in the OH- concentration of the pore
solution may be explained by the following
mechanisms.
• A decrease due to diffusion of potassium ions into
the storage solution (leaching).
• A decrease due to the binding of alkalis (Na and K)
in alkali silica gel.
• An increase due to chloride binding in the
hydration products.
• A decrease due to sulphate release into the pore
solution and the corresponding charge balance.
Measurements of ASR gels formed in the present
concrete bars show that the gel structure usually
Fig. 4 OH- and SO4
2- concentration in the pore solution of
concretes with borosilicate glass stored in 20 wt% NaCl
solution for high and low alkali cements
Fig. 5 K concentration in the pore solution of concretes with
borosilicate glass stored in 20 wt% NaCl solution for high and
low alkali cements. The symbols labelled (Na ? K) represent
the total alkali concentration after 91 days moist pre-storage
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contains small amount potassium (around 2 %) as
opposed to sodium (around 20 %). Thus it is apparent
that the loss in alkalinity in Fig. 5 is mainly due to
potassium leaching into the external storage solution
against the flux of sodium and chloride ions into the
concrete specimens (Fig. 6).
As expected, the concentrations of sodium and,
correspondingly, chloride increase with the duration
of NaCl exposure (Fig. 6) as sodium and chloride ion
diffuse into the concrete. Concentrations close to the
external storage solution were reached over a period of
274 days (age: 1 year). Despite the continuous reduc-
tion in OH- concentration during storage, the con-
centration of silicon in fact increases (Fig. 7). This
enhanced silicon solubility can only be explained by
the high concentrations of sodium and chloride ions
which outweigh the effect of the pH reduction due to
potassium leaching. This effect is confirmed by the
investigations of Dove and Elston [27] who considered
the solubility of quartz in different NaCl solutions.
The solubility of silicon was found to increase in the
presence of NaCl, see details in Sect. 3.3.
Similar changes in pore solution composition were
observed by the present author in earlier experiments
with concretes containing natural aggregates [25].
3.2 Hydrated cement paste powder
The results of the storage experiments with hydrated
cement paste powder in artificial pore solutions are
presented in Figs. 8 and 9. Like the concrete, the NaCl
storage started at an age of 91 days, but was terminated
after 28 days when equilibrium between cement phases
and pore solution was reached. Owing to the use of pure
cement paste powders and the appropriate artificial pore
solution, the effect of potassium leaching as well as alkali
binding by ASR gel formation on the OH- concentration
were eliminated in these experiments. Transport effects
are minimized as well owing to the use of finely ground,
hydrated cement paste powder (\63 lm).
Figure 8 shows the potassium concentration in the
artificial pore solution for increasing amounts of NaCl.
The concentration is constant because in these exper-
iments leaching was excluded. Nevertheless, the OH-
concentration clearly decreases when more NaCl is
added to the initial storage solution (Fig. 9). At the same
time, the concentration of sulphate increases maintain-
ing constant negative charge with the OH- ions.
According to the XRD measurements with the
powder specimens Friedel’s salt is formed consuming
AFm (monocarbonate) and AFt (ettringite) phases of
the hydrated cements (Figs. 10, 11).
Fig. 6 Na and Cl concentration in the pore solution of
concretes with borosilicate glass stored at 20 C in 20 wt%
NaCl solution for high and low alkali cements
Fig. 7 Si concentration in the pore solution of concretes with
borosilicate glass stored at 20 C in 20 wt% NaCl solution for
high and low alkali cements
Materials and Structures (2016) 49:4291–4303 4297
The increase in sulphate concentration in Fig. 9 is
due to the reaction of chloride with ettringite
(3CaOAl2O33CaSO432H2O) resulting in the formation
of Friedel’s salt (3CaOAl2O3CaCl210H2O) and release
of sulphate ions (Eq. 1). The available phases and solution
pH are favourable for the formation of Friedel’s salt.
3CaO  Al2O3  3CaSO4  32H2O þ 2Naþ þ 2Cl
þ 4OH ! 3CaO  Al2O3  CaCl2  10H2O
þ 22H2O þ 3SO24 þ 2Naþ þ 2CaðOHÞ2
ð1Þ
Monosulphate (3CaOAl2O3CaSO412H2O) was
not detected by XRD in this investigation, but this
phase also releases sulphate on forming Friedel’s salt
(Eq. 2) [28].
3CaO  Al2O3  CaSO4  12H2O þ 2Naþ
þ 2Cl ! 3CaO  Al2O3  CaCl2  10H2O
þ 2H2O þ 2Naþ þ SO24
ð2Þ
The formation of Friedel’s salt also results in a
change of pH of the pore solution depending on the
phase participating in the reaction with NaCl. In case
of ettringite, the pH is lowered owing to the formation
of portlandite (Ca(OH)2) (Eq. 1). Monosulphate trans-
formation has no effect on pH (Eq. 2), but AFm
Fig. 8 Effect of addition of NaCl on the K concentration of the
artificial pore solution after 28 days storage of hydrated cement
paste powder for high and low alkali cements
Fig. 9 Effect of addition of NaCl on the OH- and SO4
2-
concentration of the artificial pore solution after 28 days storage
of hydrated cement paste powder for high and low alkali
cements
Fig. 10 Effect of addition of 10 wt% NaCl to the artificial pore
solution on the phase composition of the hydrated cement paste
powder for cement HA (CEM I 32.5 R, Na2Oeq = 1.02 wt%):
C calcite, E ettringite, FS Friedel’s salt, H halite, Mc
monocarbonate, P portlandite
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containing hydroxide (3CaOAl2O3Ca(OH)218H2O)
(Eq. 3) or carbonate (3CaOAl2O3CaCO310H2O)
(Eq. 4) can increase the pH of the pore solution.
Calcite forms owing to the transformation of mono-
carbonate to Friedel’s salt (Eq. 4).
3CaO  Al2O3  Ca(OH)2  18H2O þ 2Naþ
þ 2Cl ! 3CaO  Al2O3  CaCl2  10H2O
þ 8H2O þ 2Naþ þ 2OH
ð3Þ
3CaO  Al2O3  CaCO3  10H2O þ 2Naþ þ 2Cl
þ CaðOHÞ2 ! 3CaO  Al2O3  CaCl2  10H2O
þ CaCO3 þ 2Naþ þ 2OH
ð4Þ
The pore solution analysis and XRD results indicate
that the decrease in pH and increase in sulphate
concentration observed for the cements HA and LA
are mainly due to the transformation of ettringite to
Friedel’s salt. Similar changes in OH- and SO4
2-
concentration were also observed in earlier experi-
ments [25] for the pore solutions expressed from
concrete specimens made with the same cements
(Figs. 4, 9) and using natural aggregates.
The concentration of OH- in the storage solution of
the powder specimens (91 days sealed storage and
28 days in artificial pore solution) is generally higher
(Fig. 9) than that of the concretes after 91 days moist
storage (Fig. 4). Although the absolute concentrations
in the artificial and concrete pore solutions differ, the
general trends are similar. This difference is due to, for
example, alkali consumption of the reaction products
of ASR [5], different storage conditions (e.g. pre-
storage sealed or over water, leaching effects, prism
sizes, [29, 30]), amount of water in contact with solids
(solution to solid ratio) etc.
3.3 Solubility calculations
Owing to the effects considered above, the OH-
concentration in the pore solution of the concretes
drops to values below 100 mmol/L (\pH 13.0) after
231 days storage in 20 wt% NaCl solution (Fig. 4). As
a result, damaging ASR should, in theory, cease [31,
32] because the necessary OH- concentration for high
silicon solubility and alkali silica gel formation is no
longer reached. However, the above results show that
exposure to NaCl increases the solubility of silicon in
siliceous aggregate and therefore ASR expansion and
damage significantly. This indicates that the promo-
tion of ASR in the presence of externally supplied
alkalis is linked to the increase in sodium chloride
concentration in the pore solution by mechanisms
other than the effect of pH on aggregate solubility. In
particular, the expansion of the concrete with the low-
alkali cement is accelerated markedly (65 % more
expansion in comparison to the pre-storage) in the
presence of external alkalis. As mentioned above, this
confirms the results of other authors [23, 24] showing
that low-alkali cements cannot in all cases inhibit
damaging ASR in concrete exposed to deicing salt.
Dove and Elston [27] considered the effect of
dissolved sodium chloride on the dissolution of quartz
between pH 1.4 and 12.3 and proposed the following
mechanism. In an alkaline environment, negatively
charged silicon surfaces dominate according to Hel-
muth et al. [5]. The sodium ions with their solvation
shells are drawn towards the surface where the surface
complexes :SiO- are protonated by the water
molecules in the shells (Fig. 12). Thus OH- ions
form directly at the surface locally enhancing SiO2
solubility. At pH[ 6, more and more surface
Fig. 11 Effect of addition of 10 wt% NaCl to the artificial pore
solution on the phase composition of the hydrated cement paste
powder for cement LA (CEM I 32.5 R, Na2Oeq = 0.56 wt%):
C calcite, E ettringite, FS Friedel’s salt, H halite, Mc
monocarbonate, P portlandite
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complexes :SiO-–Na? are expected which are,
according to Dove [33] and Dove and Elston [27],
associated with faster SiO2 dissolution rates.
This effect can explain how sufficient silicon
solubility for damaging ASR is achieved at relatively
low OH- concentrations in the presence of NaCl. It
should be remembered that ASR usually occurs in
concrete whose pore solution has a high pH ([13.5).
Based on the results of Dove [33] and Dove and Elston
[27] the dissolution mechanisms of silicon in concrete
containing reactive aggregates exposed to NaCl is
summarized below (Fig. 12).
In order to study the effect NaCl on silicon
solubility of the present concrete specimens (at pH
[12.3) in more detail, simplified solubility equilibria
in contrast to the ion-rich concrete pore solution were
computed with the hydrogeochemical simulation
program PHREEQC [34] using the LLNL database
with which the activity coefficients are specified by the
WATEQ Debye Hu¨ckel equation. Leemann et al. [35]
observed that silica dissolution is also controlled by
the amount of portlandite in contact with alkaline
solutions. Thus the solubility of amorphous SiO2 was
calculated for a range of KOH solutions buffered, as in
the real pore solution, by excess portlandite (to avoid
depletion), Fig. 13.
In order to obtain realistic silicon concentrations
near those measured for the pore solution in concrete
at the end of the moist pre-storage period (e.g. HA
Fig. 12 Schematic diagram
of SiO2 dissolution in
alkaline solutions in the
presence of sodium ions
(based on [12, 27])
Fig. 13 Effect of NaCl concentration on silicon solubility in
the model system; calculations with PHREEQC on the solubility
of amorphous SiO2 in KOH solution in the presence of excess
portlandite (database: llnl.dat)
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cement 0 % NaCl: pH 13.5; 3 mmol/L Si, Figs. 4, 7)
the target saturation index was set to -4, i.e. the
solubility of amorphous SiO2 given in the database
was, in effect, reduced from 10-2.74 to 10-6.74 mol/kg
H2O. The reduced saturation index accounts for the
removal of Si from the pore solution by the ASR gel.
Different amounts of NaCl were then added to the
solutions yielding silicon solubility curves as a
function of pH and NaCl concentration. Although
the calculation becomes increasingly inaccurate at
ionic strengths above one, i.e. NaCl concentrations
above roughly 6 wt%, the data reveal a general
increase in the solubility of silicon with NaCl
concentration in approximate agreement with the
experimental observations (e.g. HA cement 20 %
NaCl: pH 13.0; 11 mmol/L Si, Figs. 4, 7). Thus, as
observed in the present experiments, silicon solubility
is shifted to a lower pH in the presence of dissolved
NaCl. This would mean that silicate minerals become
more sensitive to ASR on NaCl ingress.
According to the simulation results, the solubility
of silicon is enhanced by the formation of an aqueous
complex NaHSiO3
0 which increases in concentration
with pH and the amount of dissolved NaCl (Fig. 14).
This effect and the general decrease in activity of the
aqueous silicate species produced by dissolved NaCl
increase the solubility of silicon significantly. More-
over, the complex could be a precursor to the
formation of alkali silica gel.
4 Conclusions
Up to now the question whether damaging ASR in
concrete is promoted by penetrating NaCl and which
mechanisms can occur has not been adequately
resolved. The effect of the exposure of concrete
containing reactive siliceous aggregate to NaCl solu-
tions on the chemical composition of the pore solution
and expansion due to ASR has been investigated.
Changes in pore solution composition due to the
reaction of dissolved NaCl with the hydration products
were studied in storage experiments with hardened
cement paste powders stored in artificial pore solu-
tions containing NaCl. Based on the present experi-
mental results and model calculations, the following
conclusions were drawn for the effect of chloride
ingress on ASR in concrete.
• The penetration of sodium and chloride ions
causes a significant increase in expansion and
ASR damage of concrete exposed to NaCl
solutions.
• The use of low-alkali cements cannot inhibit
damaging ASR due to NaCl exposure in all cases.
• The OH- concentration, and therefore pH, of the
concrete pore solution is mainly lowered by
potassium leaching. The OH- concentration is
also lowered by the formation of Friedel’s salt
from ettringite. Sulphate is released and port-
landite is formed accordingly.
• Despite a lower OH- concentration, the Si
concentration in the pore solution increases in
the presence of dissolved NaCl. Probable causes
are the reaction of protons in the solvation shell of
the sodium ions with the SiO2 surface, the
formation of an aqueous NaHSiO3
0 complex and
the reduction in activity of the aqueous species
because dissolved NaCl increases ionic strength.
• The aqueous complex NaHSiO30 could be a
precursor to the formation of alkali silica gel.
• Chloride binding on hydrated cement phases and the
corresponding release of OH- ions does not signif-
icantly promote ASR. Decisive for ASR damage in
Fig. 14 Effect of NaCl concentration on formation of an
aqueous complex NaHSiO3
0 in the model system; calculations
with PHREEQC on the solubility of amorphous SiO2 in KOH
solution in the presence of excess portlandite (database: llnl.dat)
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concrete exposed to external NaCl is the total alkali
content in the pore solution. This governs silicon
solubility and thus gel formation.
Similar results were obtained for concretes con-
taining natural, inhomogeneous aggregates, e.g. grey-
wacke, in earlier investigations by the present author
[25]. This indicates that the present conclusions for
borosilicate glass are also valid for natural aggregates.
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